ABSTRACT Black ßies (Simulium spp.) are intermediate hosts and vectors of parasitic nematodes belonging to the genus Onchocerca (Filarioidea: Onchocercidae). Infection and subsequent transmission of infective third-stage larvae occur at the vertebrate hostÐskin interface. Experimental evidence presented here demonstrates that Onchocerca lienalis Stiles microÞlariae orient to one or more components (microÞlarial orientation factor[s]; MOF) in black ßy saliva. MOFs may serve as a means for microÞlariae to Þnd and infect black ßies during the act of blood-feeding. Directed movement through the hostÕs skin to the bite site is necessary because Onchocerca spp. microÞlariae do not circulate in the blood. The substance directing microÞlarial orientation appears to be a salivary protein, but it is not the Simulium vittatum Zetterstedt erythema protein (SVEP) described from New World Simulium spp. These results support earlier Þeld observations that associated increased numbers of cutaneous microÞlariae with black ßy feeding and indicate that a fundamental molecular mechanism linked to vector saliva may be key for the maintenance of the life cycle of Onchocerca spp. Salivary molecules that induce orientation of microÞlariae to the bite site are potential targets for use in transmission-blocking vaccines to uncouple this primary vector infection step.
HEMATOPHAGY IS THE central trait by which vector arthropods become infected and eventually transmit pathogenic agents to humans and animals. Morphological and molecular adaptations that promote bloodfeeding have arisen through time and become diverse within the phylum, apparently reßecting a process of convergent evolution in which an array of salivary molecules are secreted into the feeding lesion to block vertebrate hemostasis and modulate immune response (Ribeiro, 1989 , Arocha-Pinango et al. 1999 , Schoeler and Wikel, 2001 . Arthropod saliva also promotes transmission of viruses and other pathogens between infected and noninfected vectors through a cofeeding process that circumvents the need for a disseminated infection into the peripheral circulatory system (Jones et al. 1987 , Gern and Rais, 1996 , Patrican, 1997 , Mead et al. 2000 . We describe here another function of arthropod salivaÑas a source of one or more orientation factors that induce the directed movement of the microÞlarial stage of Þlariid nematodes to the feeding lesion so that vector infection occurs.
Field investigations have demonstrated that Onchocerca volvulus (Leuckart) microÞlariae infect their black ßy vectors at a higher rate than predicted by parasite density in the skin. Strong (1931) Þrst reported this phenomenon, noting that several Simulium spp. in Guatemala were better able to Þnd and ingest O. volvulus microÞlariae during the act of blood-feeding than would be anticipated by examination of fresh sections of infected skin. Large numbers of microÞ-lariae were also found at the feeding site immediately after the blood meal was ingested. Other studies in Guatemala (DeLeon and Duke 1966) and Venezuela (Duke 1970) revealed that throughout Latin America, O. volvulus microÞlariae apparently move through the skin to the bite site of their respective vectors. Duke (1970) observed that microÞlariae of the Venezuelan strain of O. volvulus were ingested beyond the mean numbers predicted by skin biopsies by a factor of 4 Ð10 times for Simulium metallicum Bellardi and Ϸ20 times for Simulium exiguum Roubaud. Shelley et al. (1979) noted in Brazil that between 2.3 and 28 times as many O. volvulus microÞlariae were recovered from the midguts of engorged vector Simulium spp. allowed to feed to repletion on infected volunteers than were detected in skin biopsies from those persons. More recently, Davies et al. (1997) showed that Simulium ochraceum Walker, a vector of O. volvulus in Mexico and Guatemala, was more effective as a xenodiagnostic agent to determine quantitative and qualitative aspects of dermal microÞlarial infection than skin biopsies. Engorged female ßies were 32.3% better able to detect the presence of microÞlariae in the skin, and (Duke et al. 1967) , and each ingested both African strains of O. volvulus in about equal numbers .
To determine if a microÞlarial orientation factor (MOF) occurs in black ßy saliva, we conducted laboratory experiments to compare relative orientation behavior of O. lienalis microÞlariae in a semisolid gel medium (Matrigel; Becton Dickinson, Bedford, MA) toward a variety of soluble factors, including salivary gland extracts (SGE) from S. vittatum.
Materials and Methods
Black Fly SGE. S. vittatum females from a continuous colony were used throughout this study (Bernardo et al. 1986 ). Salivary glands, surgically removed from female ßies that were 2Ð 4 d old, were placed in sterile phosphate-buffered saline (PBS) and rapidly frozen to Ϫ70ЊC. Soluble components, designated as salivary gland extracts, were prepared by sonication (Ϸ1 g total protein in a pair of salivary glands per microliter of PBS; Cupp et al. 1993) . Thoraces were surgically removed from female S. vittatum and extracted in PBS using the procedure described by Lehmann et al. (1995) . This thorax-conditioned medium (TCM; concentration of 2 g protein/l PBS), served as a positive control for microÞlariae orientation behavior. A stock solution of bovine serum albumin (BSA; 1 g/l of PBS) was used as a negative control for nonspeciÞc protein effects.
Recombinant black fly salivary protein. Recombinant S. vittatum erythema protein (rSVEP; 1 g/ml PBS; Cupp et al. 1998) was also evaluated as a possible orientation factor. The salivary glands of a questing S. vittatum female ßy contains Ϸ140 ng of SVEP.
Parasites. O. lienalis microÞlariae, previously cryopreserved and stored in liquid nitrogen, were used in all tests (Cupp et al. 1997) . MicroÞlariae were rapidly thawed from liquid nitrogen as needed, washed in PBS, and suspended in RPMI-1640 complete medium (79% medium; 20% fetal bovine serum; 1% antibioticsÑ100 U penicillin and 0.1 mg streptomycin per milliliter Þnal concentration) for experimentation.
Bioassay. We used a Matrigel-based bioassay used previously to demonstrate O. lienalis microÞlarial chemoattraction to the S. vittatum thorax (Lehmann et al. 1995 , Cupp et al. 1997 . Concentrated microÞlariae (Ϸ100 per l of RPMI-1640 complete medium) were added to a stock solution of Matrigel to yield a Þnal concentration of Ϸ1 microÞlaria/l, mixed gently with a pipette, and then 250 l of the mixture was placed into each well of a four-well culture dish (Fisher ScientiÞc, Atlanta, GA). The culture dish was placed in a cell culture incubator at 37ЊC, 95% air, 5% CO 2 for 30 min to allow gel formation. Tubes (2.5 mm long) were Þlled with the same Matrigel stock solution and allowed to setup simultaneously with the microÞlariae-gel. An 8-m diam pore Nucleopore membrane (Corning, NY) was placed over the microÞ-lariae-containing gel, and the Matrigel tubes were then placed on the membrane in clusters, with each well having up to four replicate clusters (Fig. 1) . One l of test material (SGE, TCM, or rSVEP) or control material (BSA, PBS) was placed on top of a tube in each cluster, in a randomized design, and the plate then placed in a CO 2 incubator (37ЊC; 90% RH) for 1.5Ð3 h. Following incubation, tubes were placed separately into wells of a 96-well round-bottom plate containing 150 l of complete RPMI-1640 medium and the number of microÞlariae counted using an inverted microscope. The number of microÞlariae concen- trated under the 8-m membrane where each tube had been (deÞned by the ringed imprints on the membrane) were also counted. The person counting microÞlariae was unaware of the test-control arrangement. Results were analyzed using the CATMOD Procedure of SAS version 6.12 (SAS Institute, Cary, NC) and are shown graphically as the median number of microÞlariae orienting to each treatment.
Results
When microÞlariae were presented with the choice of PBS, TCM, or SGE equivalent to one pair of S. vittatum salivary glands, they chose TCM and SGE over PBS ( Fig. 2 ; maximum likelihood analysis, P Ͻ 0.00001, n ϭ 8; hypothesis test: PBS versus TCM or SGE, P Ͻ 0.00001). Concentrated TCM attracted microÞlariae more than SGE equivalent to one pair of salivary glands (hypothesis test: TCM versus SGE, P Ͻ 0.00001).
We hypothesized that the attraction of microÞlariae to SGE might reßect simply a nonspeciÞc movement to a more protein-rich medium than that presented by PBS. To test this hypothesis, clusters of tubes were prepared to provide choices of PBS (no protein, negative control), SGE, or BSA at equal protein concentration to SGE. The results, shown in Fig. 3 , allowed us to reject the hypothesis that microÞlarial movement to SGE was to a nonspeciÞc protein source (maximum likelihood analysis, P Ͻ 0.00001, n ϭ 7; hypothesis tests: PBS versus BSA, P ϭ 0.5152; PBS or BSA versus SGE, P Ͻ 0.00001). These results supported the hypothesis that SGE contains a microÞlarial chemoattractant.
The next experiment was designed to gain insight into the biochemical nature of the attractant in black ßy salivary glands. SGE was prepared from 200 S. vittatum salivary glands in 100 l of PBS (1 l ϭ 1 pair of gland-equivalents) and was subdivided into positive control and treatment fractions. Large molecular components were precipitated in 25 l of treatment fraction by the addition of 100% ethanol (ETOH) to yield a Þnal concentration of 70%. Precipitation was enhanced by storing the sample at Ϫ70ЊC. Precipitated components were then collected by centrifugation and resuspended to the original volume in 25 l of PBS. Twenty-Þve g of BSA was added to the ETOH supernatant fraction before lyophilization by vacuum centrifugation. The dried supernatant fraction was then reconstituted in 25 l of PBS. BSA at 1 g/l of PBS served as a negative control. Fig. 4 shows the response of microÞlariae when presented with the four choices. SGE or its ETOH precipitable fraction were chosen equally (P ϭ 0.1663), and both were favored over the ETOH soluble fraction or BSA control (P Ͻ 0.00001; maximum likelihood analysis, n ϭ 9).
As precipitation by ethanol is a characteristic of proteins, we chose to test rSVEP as a candidate MOF because this salivary factor is a major vasoactive component in S. vittatum saliva (Cupp et al. 1994) . Recombinant SVEP, however, was no more attractive to microÞlariae than was BSA ( Fig. 5 ; maximum likelihood analysis, P ϭ 0.0886). Thus, the S. vittatum erythema-promoting protein does not appear to serve directly as a microÞlarial chemoattractant.
Discussion
Previous studies by Lehmann et al. (1995) had demonstrated that movement of O. lienalis microÞlariae within the black ßy hemocoel (body cavity) to the thoracic musculature (the site of development to the third-stage larva [L 3 ]) is directed by chemotaxis, i.e., microÞlariae moved to S. vittatum thoracic tissues at a 4ϫ higher rate when compared with abdominal tissues. Movement by microÞlariae in vitro through Matrigel to thoracic tissues ensued regardless of whether or not contact with these tissues occurred, indicating that directed movement was guided by a soluble factor originating from thoracic tissue. When the soluble extract of a single black ßy salivary gland was compared in this system, no chemoattraction was apparent. After further consideration, we questioned whether the amount of SGE used was of sufÞcient concentration to be recognized in competition with the thoracic material. Thus, for the present investigation, we chose to double the amount of salivary material to two glands (one pair), which is equal to that from a single female black ßy. This represents the threshold of activation, i.e., the positive attraction of microÞlariae to SGE equal to one ßy, even in the presence of a TCM fraction with a twofold protein concentration, indicated that the SGE signal had been below threshold in earlier trials. Harley (1932) , referring to observations by Dyce Sharp on the infection of S. damnosum with O. volvulus microÞlariae (cited in Manson-Bahr 1929), and Strong (1931) , reporting observations in Guatemala, were apparently the Þrst to suggest that cutaneous microÞlariae might use insect saliva to Þnd and infect a vector during blood-feeding. A number of Þeld observations since have corroborated this concept for Onchocerca/Simulium spp. although a meta analysis of data from several of these publications questioned the validity of "microÞlarial concentration" by vectors and suggested that the microÞlarial counts by these investigators were not comparable because of the variable numbers of skin snips, incubation times, and different types of incubation media used (Basáñ ez et al. 1994) .
The results presented here however demonstrate that one or more MOFs direct skin-dwelling Onchocerca spp. microÞlariae to Simulium saliva. Precipitation of the MOF by ethanol strongly suggests that it is a protein and indicates that the vector infection aspect of the life cycle of Onchocerca spp. is facilitated by a fundamental molecular mechanism. Chemically directed movement through the hostÕs skin to the feeding lesion during blood-feeding is important because Onchocerca spp. microÞlariae do not circulate in the blood. The presence of a diffusible salivary orientation factor that elicits an immediate navigational response would be highly advantageous to the parasite to ensure economy of movement and infection of the vector as the microÞlariae move through host skin tissue by mechanical action and release of elastinolytic proteases (Haffner et al. 1998) . Black ßies are also telmophagous (they possess relatively short mouthparts which, unlike mosquitoes, do not pierce deeply into the skin to obtain blood) and take a relatively long time to engorge on blood (4 Ð 6 min), thus allowing time for successful orientation and movement to the feeding lesion by questing microÞlariae (Cupp 1996) . Although the in vitro evidence presented here indicates that the S. vittatum erythema factor by itself is not attractive, the secretion of this peptide into the bite site rapidly changes the hemodynamics of the skin in vivo and could serve secondarily to move microÞ-lariae closer to the feeding lesion (Cupp et al. 1994) . Hyaluronidase, an enzyme recently discovered in the saliva of S. vittatum (Ribeiro et al. 2000) , could also play a supportive role as a spreading factor for a variety of anti-hemostatic factors and its dispersal from the bite site through the extracellular matrix of the skin might also assist in movement of MOFs. Thus, microÞlariae within and adjacent to the forming hematoma encounter a wave of biologically-active proteinaceous factors as black ßy salivary secretions are introduced into the skin and subsequently diffuse.
O. volvulus microÞlariae possess anterior, sensory receptors that may aid in orientation to the bite site. Martinez-Palomo and Martinez-Baez (1977) described a pair of well-developed, bilateral amphidial channels in the cephalic region of O. volvulus microÞlariae, each of which contained 5Ð 6 cilia. The cilia become narrow at their base and connect to longitudinal dendritic processes. Neurons have been found in the amphidial channels of other nonÞlariid nematode parasites that detect aqueous chemoattractants and are used in host-Þnding (Ashton et al. 1999) . If this sensory adaptation proves true for Onchocerca spp. microÞlariae, the chemical interplay between speciÞc, vector-secreted peptides and these amphidial sense organs takes place in the skin in a varied biochemical milieu. Such behavior would not be surprising, however, as the ability of O. lienalis microÞlariae to navigate successfully in a complex mixture of tissues and ßuids has been demonstrated (Lehmann et al. 1995) .
In addition to their intrinsic biological interest, salivary molecules that orient microÞlariae to the vector during blood-feeding could be targeted for use in transmission-blocking vaccines to uncouple this critical step in the parasiteÕs life cycle. Human onchocerciasis, although currently being controlled in many parts of Africa and Latin America by use of ivermectin, persists as a public health threat because it remains endemic in 34 countries (26 in Africa). This approach could also have merit for lymphatic Þlariasis. Eberhard et al. (1988) determined that capillary blood was an important part of the Wuchereria bancrofti Cobbold microÞlarial reservoir and that persons with low or ultralow microÞlaremia levels in venous blood may have a much greater pool of microÞlariae available in the capillaries. Field evidence suggested that vector saliva may be involved in the infection process. For example, when Culex quinquefasciatus (Say) fed on human volunteers with low to ultralow W. bancrofti microÞlaremias, the observed infectivity rates were 11 and 30 times higher, respectively, than the expected rates calculated from the estimated volume of the blood meal (Lowrie et al. 1989) . Therefore, use of a highly speciÞc transmission-blocking vaccine preventing vector infection, alone or in conjunction with chemotherapy, would be an important control tool.
